Water-saving cultivation in wheat (Triticum aestivum L.) is an important technique for achieving high yield and high water use eficiency (WUE) in the North China Plain (NCP) where water resources are in shortage. In order to determine the effects of supplemental irrigation based on soil water content on crop evapotranspiration (ET), DM, grain yield and WUE in wheat, treatments were designed to vary the relative soil water content at jointing and anthesis stages: I70 (70%, 70%) and I75 (75%, 75%) with rain-fed (I0) and traditional irrigation (Ick) as contrasts. The results indicated that the irrigation amount of I70 and I75 were significantly lower than that of Ick by 45.1 to 132.4 mm, but soil water depletion increased by 23.5 to 35.4 mm. Although the total ET throughout the growing season (ETt) of I75 was less than that of Ick, the ratio to ETt from anthesis to maturity increased significantly. The DM partitioning ratio was decreased in vegetable organs, but increased in grain for I75 compared with Ick. The grain yield for I75 was significantly higher than that of I0 and I70, whereas nonsignificant difference was observed between I75 and Ick, and the WUE and irrigation water use efficiency of I75 were higher than those of Ick by 11. 0% and 87.4% in 2008-2009 and 3.5% and 34.0% in 2009-2010. Thus, I75 can be developed as an optimal water-saving irrigation regimes in the NCP.
INTRODUCTION
Winter wheat (Triticum aestivum L.) is the main crop in the North China Plain (NCP) and supplies more than 60% of wheat throughout China (Shi et al., 2013) . During the winter wheat growing season, crop evapotranspiration (ET) is approximately 400 to 500 mm, but the mean precipitation does not exceed 200 mm (Li et al., 2012a) . Therefore, water is the main limiting factor for winter wheat production, and irrigation is essential to maintaining high winter wheat yields (Wang et al., 2015; Xu et al., 2018) in this region. In most parts of the NCP, more than 70% of irrigation water resources are used for winter wheat, and most of these water resources come from groundwater. Although flood irrigation is traditionally performed for three to five times or six to seven times during the winter wheat growing season in the NCP, water use efficiency (WUE) is low . The extensive exploitation of the groundwater resources in this region for irrigation, causes numerous other environmental problems (Hayriye et al., 2015) . Thus, optimum irrigation strategies are urgently needed to prevent further groundwater exploitation, to produce wheat sustainably, and to improve WUE.
Many optimized irrigation scheduling strategies have been thoroughly studied and widely applied to improve wheat yield and increase WUE (Abdelkhalek et al., 2015; Fang et al., 2018) . Li et al. (2009) reported that irrigation at jointing RESEARCH and heading stages with 60 mm water improves grain yield by 127.54 g m -2 compared with irrigation performed only at heading stage with 120 mm water. Lv et al. (2011) recommended that a single application of irrigation 60 to 70 mm at jointing produced higher yields and a higher WUE than traditional irrigation practices. Reducing the frequency of irrigation and thereby reducing the total irrigation water input can potentially increase WUE . In these studies, fixed irrigation amounts, such as 60, 70, 120 mm, and others, were applied. In other trials, irrigation amounts were determined based on ET (Li et al., 2012b) or estimated using mathematical models (Peake et al., 2016) .
Available soil water and precipitation are important water sources for wheat growth. However, irrigation is applied at critical stages of wheat development, often ignoring precipitation and the availability of soil water. In the NCP, approximately 70% of annual precipitation occurs before winter wheat sowing, usually replenishing some of the soil water; furthermore, the water stored in the soil profile is important in supplying water to winter wheat, and soil water depletion could contribute 40%-60% of the seasonal evapotranspiration under limited water supply (Fang et al., 2018) . A positive relationship between available water at planting and wheat grain yield was reported (Schillinger et al., 2008) . However, few studies to date have focused on soil water content (SWC) before defining the irrigation quota, thereby wasting irrigation water. Thus, irrigation practices based on the consideration of precipitation and SWC should be developed to save greater amounts of water during wheat production.
The most important period for the three primary yield components occurs after jointing in winter wheat (Cai et al., 2014) . The water requirement of winter wheat reaches its peak in April and May in the NCP (Zhang et al., 2013) . Studies have shown that water deficits applied in stem elongation and heading stages significantly decrease wheat yields (Tari, 2016) , and that the drought following anthesis can negatively affect photosynthetic characteristics as well as significantly advance senescence in flag leaves (Wu et al., 2014) . Meanwhile, moderate water deficits during jointing resulted in similar grain yields compared with the control (Cui et al., 2015) . However, knowledge of the water consumption characterization (such as ET of individual growth stages and their ratios to total ET) corresponding to supplemental irrigation based on soil water content is relatively limited.
In this study, a new irrigation method was adopted, and we monitored the SWC in the 0 to 140 cm soil layer before irrigation. Then the irrigation amounts were estimated based on SWC and implemented to design relative SWC (RSWC) at critical growth stages of wheat. The following were our objectives: (1) to investigate the utilization characteristics of irrigation, soil water depletion, and precipitation, and the ET of individual growth stages and their ratios to total crop ET (ETt); (2) to evaluate DM accumulation at different growing stages of wheat and partitioning in grain and vegetable organs at maturity; (3) to clarify the effects of supplement irrigation based on soil water content on grain yield and water use efficiency under field conditions; and (4) to explore the optimal water-saving irrigation regimes in the NCP.
MATERIALS AND METHODS

Study site and experiment design
Field experiments were conducted for 2008-2009 and 2009-2010 winter wheat growing seasons at the Agronomy Experimental Station of Shandong Agricultural University (36°10' N, 117°9' E) in northern China. The typical growing season for winter wheat is from early October until the middle of June. The average annual precipitation of 675 mm. Because of the effect of typical continental monsoon climate, the temporal distribution of annual rainfall in the North China Plain (NCP) is extremely variable, with more than 70% concentrated in the maize growing season (July to September), but only approximately 30% of which occurs during the winter wheat growing season.
Precipitation data were collected during the winter wheat growing season from weather station about 200 m away from the trial plots (Table 1) .
The loamy soil at the experimental site has been intensively cultivated for many years. The 0-20 cm soil layer contained 1.42% organic matter, 0.15% total N, 106.1 mg kg -1 available N, 33.2 mg kg -1 available P, and 113.8 mg kg -1 available K. The soil bulk density, mass soil water content (MSWC) and field water capacity in 0-140 cm soil layer before sowing are shown in Table 2 .
The test material was high-yield winter wheat 'Jimai 22'. In both growing seasons, two identical supplemental irrigation treatments based on soil water content (SWC) were designed wherein the controlled average target relative SWC (RSWC) in the 0 to 140 cm soil layer at jointing (Z31, first node is detectable; 2009-4-8 and 2010-4-4) and anthesis (Z61, beginning of anthesis; 2009-5-4, 2010-4-30) stages (Zadoks et al., 1974) reached 70% (I70) and 75% (I75), respectively (Table 3) .
A rain-fed treatment (I0) and a conventional irrigation treatment (Ick), which were supplied with 60 mm water at the prewinter, jointing, and anthesis stages, were established as controls.
Before irrigation at the jointing and anthesis stages, SWC of 0-140 cm soil layer was tested with three times replication of each sample. The average SWC of I0, I70, I75 and Ick in 0-140 cm soil layer were 0. 157, 0.157, 0.159 (Man et al., 2016) :
[1] where I is the amount of supplemental irrigation (mm), v is soil bulk density of the designed moisture soil layer (g cm -3 ), h is the soil layer depth (cm), βi is the designed target mass water content (field water capacity × target average RSWC), and βj is soil mass water content before irrigation.
A supplemental irrigation event occurred the next day after the relative SWC of 0-140 cm soil layer was tested at the jointing and anthesis. Supplemental irrigation water was supplied from a pump outlet to the plots using soft plastic pipes, and the amount of irrigation was measured using flow meters fitted to the plastic pipes for each plot.
On the third day after SI, soil samples of 0-200 cm layer were collected to calculate the RSWC, and each sample was replicated three times.
Each experiment plot was 2 × 10 m and was designed in a randomized block with three replicates. A 1 m-wide buffer zone around each plot was sown with same wheat cultivar. The winter wheat seeds were sown at a rate of 180 grains m 
Measurements
The field water capacity was determined using the single-ring method. The MSWC and RSWC were measured at 20 cm increments using the oven-drying method, and were calculated by Equations [2] and [3]: MSWC (%) = (fresh weight of soil sample -dry weight of soil sample)/dry weight of soil sample × 100
[2] RSWC (%) = MSWC/field water capacity × 100
[3] The total evapotranspiration (ETt) during the whole growing season and individual growth stages of wheat were calculated using the soil water balance Equation [4] (Xu et al., 2017) :
where P (mm) is precipitation, I (mm) is the irrigation amount, ∆W (mm) is the soil water storage at sowing minus the soil water storage at harvesting for the 0-200 cm soil profile, R (mm) is the surface runoff, D is the water lost through deep percolation. When the groundwater table is lower than 2.5 m below the soil surface, as it is at the experimental site, the capillary rising of groundwater is negligible (Ali et al., 2007) . Runoff and the drainage can also be ignored in the North China Plain, including this experimental site (Lv et al., 2011) . As a result, Equation [4] becomes Equation [5] :
The ∆W was calculated using Equation [6] :
where ∆W is the soil water storage amount in different depths (mm), β is the soil mass water content (%), v is the soil bulk density (g cm -3
), h is the soil layer depth (cm), and 0.1 is the conversion factor. Thirty culms randomly chosen were collected at jointing, anthesis and maturity stages, and were separated into grain and vegetable organ at maturity. All of the plant samples were oven dried at 70 °C until a constant weight was achieved to determine above ground biomass.
The ), ΔY is the grain yield increment after irrigation (kg ha -1 ), and I is the actual amount of irrigation (mm) (Suat et al., 2016) .
Data analysis
Data analysis was performed using SPSS 13.0 (IBM, Armonk, New York, USA). Multiple comparisons were conducted with least significant difference (LSD) for a probability level of P = 0.05. Correlation analysis was performed using linear or quadratic function models of the SigmaPlot 12.5 (Systat Software, San Jose, California, USA).
RESULTS AND DISCUSSION
RSWC at jointing, anthesis, and maturity stages Soil water content which are affected by irrigation and rainfall or by climate change affects DM accumulation and grain yield (Liu et al., 2016; Stolpe and Undurraga, 2016) . In our study, the irrigation amounts in I70 and I75 were 44.6 and 66. 
Irrigation, soil water depletion, precipitation, and their percentage to ETt
Under limited water supply, the available water for crops is related to the stored soil water, seasonal rainfall and irrigation amount, and their distribution. Table 4 Moussa and Abdel-Maksoud (2004) found that the ET value in wheat increased as the amount of irrigation increased. In the present study, a positive linear correlation was observed between irrigation amount and ETt (Figure 2 SWD was negatively related to irrigation amount ( Figure 3) . Xie et al. (2017) also indicated that increasing the irrigation amount results in higher ETt but decreases SWD. Compared with the conventional treatment Ick, I70 and I75 promoted the use of soil water and precipitation and saved irrigation water. In contrast, excessive irrigation is detrimental to maximizing SWD and increases water consumption.
ET of individual growth stages
The sensitivity of growth stages to soil water deficits with respect to grain yield is evident during stem elongation and booting as well as during anthesis and grain filling (del Moral et al., 2003) . Supplemental irrigation can be used to satisfy the crop water demand during critical stages, such as the flowering and grain filling stages (Zhang et al., 2013) . Tadayon et al. (2012) reported that the rate of grain yield and water productivity in irrigation treatment at the jointing stage is greater than that in other irrigation treatments. We studied the ET values of individual growth stages and their ratio to ETt (Table 5 ). I0 showed the lowest ET from jointing to anthesis and from anthesis to maturity stages, which may have induced water shortage at critical stages of the growth of wheat and reduced the grain yield. From the jointing to anthesis stage, Ick increased ET relative to Ick by 11.3 and 25.7 mm, and the ratios to ETt also increased by 16.6% and 15.7% in 2008-2009 and 2009-2010, respectively. I75 possessed the higher ratio to ETt from the anthesis to maturity stage than other treatments in both growing seasons. This finding suggests that although lower ET occurred in I75 during the entire growing season, it was mainly distributed in the anthesis to maturity stage, which requires the highest water demand of wheat. This finding may explain why I75 generated higher grain yield and WUE. Zhang et al. (2013) reported that the grain yield of winter wheat is significantly related to DM production before heading under rain-fed conditions. DM yields were well correlated to mean production in alfalfa (Bellague et al., 2016) . Zeleke and Nendel (2016) stated that irrigated treatments yield significantly higher aboveground DM than rain-fed treatments. The DM accumulation amount (DMAA) at different growing stages is shown in Figure 4 . The results indicate that the DMAA increased with the increase in irrigation amount. At the jointing stage, the DMAA of Ick was significantly higher The duration days from sowing to jointing, joint to anthesis and anthesis to maturity are 183, 22 and 38 d in 2008-2009, and 188, 25 and 36 d in 2009-2010 , respectively. *, **Significant at the 0.05 and 0.01 probability levels, respectively. Distinct letters in the row indicate significant differences according to Tukey's test (P ≤ 0.05).
Dry matter accumulation at different growing stages
than that of other treatments. In the anthesis and maturity stages, the DMAA was ranked as Ick > I75 > I70 > I0. The DMAA increased by 13.7% and 6.1% for Ick compared with I70 and I75 in 2008-2009 and by 12.1% and 5.7% compared with I70 and I75 in 2009-2010 at maturity. These results deviate from those of Zhang et al. (2006) ; in their studies, moderately limited irrigation was an encouraged practice in wheat production, and the irrigation frequency and amount had to be decreased to increase DMAA and improve yield.
Dry matter partitioning in grain and vegetative organ at maturity
Plant productivity is strongly related to the DM partitioning process, and optimal partitioning of above-ground DM between the vegetative and generative organs is of crucial importance for crop yield (Xu et al., 2018) . Varying levels of drought at different growth stages affect the translocation and partitioning of DM in winter wheat and further affect grain yield (Zhang et al., 2012) . A certain degree of drought at a certain growth stage could promote assimilation translocation and increase the crop harvest index (Liu et al., 2016) ; however, in our study, the rain-fed treatment significantly decreased DMAA and ratio in grain compared with those of supplemental irrigation treatments I70 and I75 at maturity, whereas the partitioning ratio to vegetable organs was significantly increased. Nonsignificant difference was observed in the partitioning ratio in grain and vegetative organs between I70 and I75, but DM partitioning amount in the grain of I75 was significantly higher than that of I70 (Table 6 ). (Table 7) . The yield of rain-fed winter wheat was significantly lower than those of the other three treatments. I75 generated the highest yields at 9085.5 kg ha -1 in 2008-2009 and 9431.9 kg ha -1 in 2009-2010 , and these values were significantly higher than those of I0 and I70 by 24. 3% and 11.4%, respectively, in 2008-2009 and by 23.8% and 8.3%, respectively, in 2009-2010 . The highest grain yield values are higher than those reported in previous studies. For example, irrigating 90 mm water at jointing and anthesis stages respectively in wheat results in a peak grain yield of 7836 kg ha -1 in the NCP (Xie et al., 2017) . In sprinkler irrigation condition, grain yield varied significantly from 5281 to 2704 kg ha -1 (Rao et al., 2013) . Sarwar et al. (2010) found that wheat supplied with five irrigations at crown root, tillering, booting, earing and milking recorded the highest grain yield (5696.8 kg ha -1
). This result proved that supplemental irrigation based on SWC could obtained high yield.
WUE can be enhanced by improving the timing and amount of water application during the growing season (Dabach et al., 2013) . Xu et al. (2016) reported that the highest WUE was observed in the limited-irrigation treatment (60 mm water applied at elongation), achieving a relatively high grain yield, whereas sufficient irrigation (a total of 180 mm water applied) increased grain yield but decreased WUE. In the present study, supplemental irrigation did not increase WUE compared with that of I0. The grain yield of I75 was significantly similar to that of Ick, while WUE increased by 11.0% and 3.5%, although the irrigation reduced relative to that of Ick by 80. (Table 7) .
Supplemental irrigation treatments I70 and I75 obtained the same IWUE at 17.8 kg ha -1 mm -1 , which was significantly higher than that of Ick by 87.4% in 2008 87.4% in -2009 87.4% in . In 2009 87.4% in -2010 , the highest IWUE of 13.4 kg ha -1 mm -1 was obtained by I75; this value was considerably higher than those of I70 and Ick by 16.5% and 34.0%, respectively (Table 7) . These results indicate that optimal supplemental irrigation based on soil moisture is necessary to obtain a stable grain yield and WUE. In this study, RSWC was 75% at jointing and anthesis stages, representing suitable supplemental irrigation in terms of yield and WUE. Thus, our study offers a new standard for developing water-saving irrigation regimes in the NCP.
Relationship between ETt and DM accumulation amount and relationship between ETt and grain yield
According to Zhang et al. (2008) , biomass at heading and maturity and DMAA from heading to maturity (post-heading DM) have a quadratic relationship with ET. In our study, however, a linear correlation was observed between ETt and DMAA. With the increase in ETt, DMAA increased in both growing seasons ( Figure 5 ). A linear relationship between wheat grain yield and ETt was reported by Zhang et al. (2013) . In contrast to their results, a quadratic relationship between ETt and grain yield, with an R 2 of 0.9508 for 2008-2009 and 0.9807 for 2009-2010 , was observed in our study (Figure 6 ). Based on the regression functions, grain yield increased within a certain scope of ETt. However, the grain yield peaked at the ETt value of 482.6 mm in 2008-2009 and 555.7 mm in 2009-2010 , and grain yield started to decrease when the ETt levels exceeded the critical value.
These results indicate that higher ETt can produce more DM, whereas grain yield cannot increase correspondingly because of the limiting of DM partitioning in grains at maturity.
CONCLUSION
Summer is rainy in the North China Plain (NCP), and soil water can replenish winter wheat to a certain extent. In this study, a new irrigation method was adopted in which the relative soil water content (RSWC) of 0 to 140 cm soil layer was tested before irrigation at the jointing and anthesis stages and the amount of supplemental irrigation was calculated using a formula. The results indicate that the irrigation amount of supplemental irrigation based on SWC significantly decreases compared with conventional irrigation but promotes the use of soil water and precipitation and increases the ratio to total evapotranspiration (ETt) in the anthesis to maturity stage. This study has also shown that supplemental irrigation based on SWC positively influences the wheat biomass production compared with conditions without irrigation. Although the DM accumulation amount (DMAA) of supplemental irrigation treatment I75 (the controlled average target relative SWC in the 0 to 140 cm soil layer at jointing and anthesis stages reached 75%) decreased compared with conventional irrigation treatment, the value increased the DM partitioning ratio in grain, thereby increasing the DMAA in grain at maturity.
Under I75 irrigation treatment, higher water use eficiency (WUE) and irrigation WUE (IWUE) could be achieved with no penalties in yield. Optimum targeting irrigation based on SWC can make the wheat production maximized and is fundamental for water saving and increasing WUE in NCP of China.
